Corticosteroid actions in the brain are exerted via the mineralocorticoid receptor (MR) and glucocorticoid receptor (GR). These receptors share several structural and functional similarities but their activation in the brain triggers distinct biological actions, for instance on neuronal survival or the regulation of the hypothalamo-pituitary-adrenal axis. Like other hormone-activated receptors, the transcriptional properties of the MR and GR depend on their ability to recruit a variety of co-regulators, which modulate their activity on target promoters, in a specific manner. The N-terminal regions of the MR and GR share the smallest degree of sequence conservation, whereas they display opposite effects on the transactivation properties of these receptors; thus, they may provide surfaces suitable for receptorspecific interactions with co-regulatory proteins. Here, we employed a yeast two-hybrid system to identify molecules interacting with the N-terminal part of the MR (amino acids 170-433). This approach resulted in the isolation of representative cDNAs from all members of the protein inhibitor of activated STAT (PIAS) family of proteins as potential MR-interacting partners. In neural cells, PIAS3 exhibited a strong and specific interaction with MR, but not GR, as indicated by mammalian two-hybrid assays and co-immunoprecipitation experiments in vivo. The interaction with MR was enhanced in the presence of aldosterone, an MR agonist, and was found to occur through a conserved, serine-and acidic amino acid residue-rich domain of PIAS3. To compare the modulatory properties of PIAS proteins on MR and GR transcriptional activity in a neural environment, MMTV reporter gene assays were performed in the human neuroblastoma cell line SK-N-MC. This analysis revealed that PIAS3 can inhibit MR, but not GR, transactivation in response to their corresponding ligands. Further, it showed that PIAS1 and PIASx , but not PIASy, could also inhibit MR-mediated transcription despite the lack of detected physical interaction with MR. Interestingly, PIASx and PIASy dose-dependently co-activated GR, whereas PIAS1 impaired GR-induced transcription. Taken together the results reveal differential modulatory roles of the PIAS proteins on the transcriptional properties of MR and GR, thus providing new insights into the bifurcating actions of these two receptors in neural cells where they are frequently co-localized.
Introduction
The mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) regulate diverse functions, ranging from cellular physiology to behavior. In the brain, GRs are ubiquitously distributed, whereas MRs are more discretely expressed, mainly in areas involved in mood, cognition and neuroendocrine regulation (Roland et al. 1995) . The hippocampus is one brain region in which MRs are expressed strongly; often, MR and GR may co-exist in the same cell (van Steensel et al. 1996) . At physiological concentrations, the adrenal hormone corticosterone binds to and saturates MRs, whereas GRs only become occupied at the peak of the circadian rhythm of adrenocortical activity or during stress; interestingly, the receptors show only a 7-to 10-fold difference in their affinity for corticosterone (Reul & de Kloet 1985) . Apart from binding a common ligand, MR and GR apparently bind to identical hormone response elements on DNA but, nevertheless, their activation can trigger distinct, or even opposite, cellular responses. The concept that homeostasis in the brain is maintained through a fine balance between MR and GR activity (de Kloet et al. 1998) has been supported by both physiological and pathophysiological findings. For example, whereas activation of GR stimulates apoptosis in the dentate gyrus, MR activation counteracts GR-mediated cell death and appears to be essential for the survival of granule cells in this hippocampal subfield (Sloviter et al. 1993 , Almeida et al. 2000 , Sousa & Almeida 2002 . Work by Joëls and colleagues has shown that changes in Ca 2+ flux and expression of Ca 2+ channels may, at least partly, account for these differential effects of corticosteroids on hippocampal cell survival (Nair et al. 1998 , Joëls 2001 . Contrasting MR-and GR-mediated effects are also seen at the electrophysiological (Joëls 2000) and behavioral (de Kloet et al. 1999 , McGaugh & Roozendaal 2002 levels. Thus, despite several similarities in structure and pharmacological properties, MR and GR generally counteract each other's effects, albeit through as yet undefined molecular mechanisms.
MR and GR are members of the nuclear receptor (NR) superfamily, which upon occupation by ligand translocate to the nucleus where they bind as homoor heterodimers to specific response elements within the promoters of targeted genes and modify their transcription rate. Typically, NRs comprise five or six functional domains (A-E/F), which show variable degrees of homology (Gronemeyer & Laudet 2002) . The A/B domain found at the N-terminus contains the ligand-independent AF-1 domain (activation function-1). The central (C/D) domain includes two DNA-binding zinc fingers, and nuclear localization signals. Besides providing the ligandbinding pocket, the C-terminus E/F domain is also crucial for receptor dimerization, heat shock protein association and hormone-dependent transactivation (activation function-2, AF-2) (Gronemeyer & Laudet 2002) . NR recruitment of co-regulators to the basal transcriptional machinery is now considered to be a key regulatory step in NR-mediated transcription.
Co-regulatory complexes are differentially utilized to activate or repress gene transcription in cell-and promoter-specific fashions (Glass & Rosenfeld 2000 , Rosenfeld & Glass 2001 , DeFranco 2002 , Xu & Li 2003 . Acting in either a sequential and/or combinatorial manner, co-regulators can modulate gene expression by virtue of either their intrinsic histone acetylase, deacetylase, or protein methyltransferase activities, their ATP-dependent chromatinremodeling abilities and/or their recruitment of the basal transcription machinery. Little is known about co-regulator modulation of the transactivation properties of MR and GR in neurons, although a role for the established steroid receptor co-activator-1 (SRC-1) in MR-and GR-mediated transcription has been speculated upon (Meijer 2002) . Differences in the transcriptional properties of MR and GR have been attributed to the structural divergence of the N-terminal parts, which show less than 15% sequence homology. This region contains the AF-1 domain as well as additional motifs conserved in many nuclear receptors (Iniguez-Lluhi & Pearce 2000) . Previous studies have demonstrated opposite effects of the N-terminal domains of MR and GR on their transcriptional activity, on both natural (Pearce & Yamamoto 1993 , Derfoul et al. 2000 and synthetic promoters (Rupprecht et al. 1993 , Liu et al. 1995 , indicating that these regions may act as receptorselective protein interaction surfaces, capable of recruiting specific modulatory proteins. To identify such molecules we performed a yeast two-hybrid screening of a human brain cDNA library using a part of the N-terminal region of MR (amino acids 170-433) containing the AF-1 domain as bait. The screen yielded 15 candidate clones, four of which were found to represent distinct members of the PIAS (protein inhibitor of activated STAT) family, namely PIAS1, PIAS3, PIASx and PIASy. Here we report that, although only PIAS3 associates with the MR and GR in neural cells, all of the isolated PIAS proteins can influence MR and GR transcriptional activity, in a distinct and receptor-type-specific manner.
Materials and methods

Yeast two-hybrid screening
The human (h) MR bait was expressed as a fusion with the lexA DNA binding domain in the DUAL-Hybrid vector (Dualsystems Biotech AG, Zürich, Switzerland). Various portions of the N-terminal part of the hMR protein were tested for autonomous activation of reporter genes by measuring growth on selection plates (absence of Trp, Leu and His) and assaying for -galactosidase ( -gal) activity. This approach revealed that yeast cells expressing an hMR bait comprising the amino acids 170-433 did not grow on selection plates and were negative in the -gal assay; this bait was therefore chosen to screen a human brain cDNA library (Clontech, Heidelberg, Germany) . Colonies grown on the selection media plates were selected for LacZ gene transactivation by monitoring -gal activity in filter assays. Several positive clones were isolated from 4·8 10 6 primary transformants. Prey plasmids were recovered from -gal-positive colonies and subjected to sequence analysis.
Plasmid construction
The MR and GR expression vectors pRShMR (Arriza et al. 1987) and pRShGR (Hollenberg et al. 1987) , as well as the steroid-responsive mouse mammary tumor virus promoter luciferase reporter (pMMTV-Luc), were generous gifts from R M Evans (La Jolla, CA, USA). pVP16-mPIAS3 and pSG5-mPIAS3 were kindly provided by H Gronemeyer (Strasbourg, France). The pFLAGmPIAS3 and pFLAG-PIASx expression plasmids were provided by H Gronemeyer and J J Palvimo (Helsinki, Finland) respectively; PCMV-HA-hGR was a generous gift from T Rein (Munich, Germany). The mammalian two-hybrid vectors used were pM, expressing the DNA-binding domain of Saccharomyces cerevisiae GAL4 protein, and pVP16, expressing the transcription activation domain of the herpes simplex virus VP16 (both from Clontech); pFR-luciferase (Stratagene, Heidelberg, Germany) was used as a reporter. The fragment EagI-AflII of the hMR cDNA was inserted into Bsp120I-XbaI of pEGFP-C3 (Clontech) to generate pEGFP-hMR. The MR cDNA was extracted from pEGFP-hMR using SalI-BclI (blunt) and inserted into the SalI-XhoI (blunt) sites of CMV-HA (Clontech) and of pM-GAL4 (Clontech). The fragment FspI-BsaI (blunt) of the hGR cDNA was inserted into the SmaI (blunt) of pM-GAL4 (Clontech). The AF-1 bait used in mammalian two-hybrid assays was designed to correspond to that used in the YTH screening (see above). Briefly, XmaI and XbaI restriction sites were inserted respectively, at the 5 and 3 ends of the primers, and the sequence amplified using pRShMR as template. This product was inserted into pM vector (Clontech). PIAS cDNAs were excised from the yeast vector pACT2 and inserted into pVP16 or pCMV-HA vectors as follows: PIASx was subcloned into the SfiI-BglII sites of pCMV-HA and into the BamHI-SalI sites of pVP16; PIASy was inserted into EcoRI-BglII of pCMV-HA, from which a pVP16 construct was then generated. PIAS1 from pACT2 was subcloned into the EcoRI-BglII sites of pCMV-HA and the EcoRI(blunt)-BamHI sites of pVP16.
Cell culture and transfections
Human neuroblastoma SK-N-MC cells were kindly provided by T Rein. The cells were maintained at 37 C and 5% CO 2 in Dulbecco's modified Earle's medium (DMEM) (Invitrogen, Karlsruhe, Germany) containing 10% fetal calf serum (FCS) (Invitrogen) and 1% kanamycin. For luciferase reporter experiments, cells were seeded into 24-well plates (8 10 4 cells per well) 1 day before transfection with 375 ng/well of total DNA using jet-PEI (Polytransfection, Illkirch, France). Cells were maintained in DMEM containing 10% charcoal-stripped FCS (Sigma, Deisenhofen, Germany). Twelve hours after transfection, cells were transferred to DMEM containing 1% charcoal-stripped FCS and treated with steroid receptor ligands (all from Sigma and dissolved in ethanol): aldosterone (ALDO) (10 6 M), spironolactone (SPIRO) (10 5 M) and dexamethasone (DEX) (10 6 M). Cells were harvested 12-24 h thereafter in 100 µl lysis buffer (Promega, Mannheim, Germany) and centrifuged. The cleared supernatants were assayed for -gal and luciferase activity. For -gal detection, 10 µl cellular extract were mixed with 100 µl -gal buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgCl 2 , 2 mM -mercaptoethanol) and 20 µl 10 mg/ml O-nitrophenyl--Dgalactopyranoside (Sigma). The reaction was terminated with 50 µl Na 2 CO 3 (1 M) and absorption was measured at 410 nm. Luciferase activity was measured by mixing 30 µl cellular extract with 50 µl buffer containing 75 mM Tris-HCl and 1 mM MgCl 2 (pH 8). Substrate (-luciferin; 1 mM) was automatically injected (Luminometer; Berthold Instruments, Bad Wildbad, Germany) and light emission was measured over 20 s. Protein concentrations were determined using the Lowry et al. (1951) method.
Western blotting
Cells were harvested by scraping in 150 µl lysis buffer (100 mM Tris-HCl including 10% glycerol, 1 mM EDTA, 5 mM MgCl 2 , 250 mM NaCl, 1% Nonidet P-40 and 1:50 protease inhibitor cocktail (Roche, Mannheim, Germany)). Samples were briefly sonicated on ice and lysates were cleared by centrifugation at 4 C (16 000 g, 15 min). Proteins were resolved by electrophoresis on 8 or 6% SDS polyacrylamide gels and transferred onto Protran BA83 nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). Membranes were blocked in PBS containing 5% milk powder and 0·2% Tween-20, and incubated with specific antibodies. Primary antibodies used were rabbit anti-VP16 (Clontech; 1:200), rabbit anti-EGFP (Clontech; 1:200), rabbit anti-GR (M20; Santa Cruz Biotechnology, Heidelberg, Germany; 1:1000), mouse anti--tubulin (Chemicon, Hofheim, Germany; 1:1000), mouse anti-HA (BabCo, Freiburg, Germany; 1:1000), and rabbit and mouse anti-FLAG (Sigma; 1:1000). Antigens were revealed by enhanced chemiluminescence (Amersham Biosciences, Braunschweig, Germany) after incubation with appropriate horseradish peroxidase-IgG conjugates (Amersham Biosciences).
Immunoprecipitation SK-N-MC cells were transfected with either MR-HA, FLAG-mPIAS3 or FLAG-PIASx expression vectors (3 µg each). Cells were harvested in ice-cold RIPA buffer (PBS, 0·1% SDS, 1% Nonidet P-40, 0·5% sodium deoxycholate, containing protease inhibitors (Roche)), briefly sonicated and homogenized using a Dounce homogenizer. Homogenates were centrifuged (15 min, 4 C) and the resulting lysates were pre-cleared by incubation with a mixture of Protein A and G beads (Roche) for 1 h at 4 C on a rotator. Beads were pelleted by centrifugation (30 s at 13 000 g) and the supernatant was transferred to a new tube containing HA-agarose beads (Sigma) and incubated for 16 h at 4 C on a rotating platform. Beads were collected by brief centrifugation and washed three times with 1 PBS supplemented with protease inhibitors. Beads were resuspended in 20 µl RIPA buffer and analyzed by electrophoresis on 6% acrylamide gels.
Statistical analysis
Where appropriate, data were subjected to one-way ANOVA followed by appropriate post hoc tests. The level of significance was set at Pc0·05.
Results
Identification of PIAS proteins as MR-binding proteins
To identify potential MR-interacting partners, we used a yeast two-hybrid assay where a human cDNA library was screened for interaction with the N-terminal region. A bait comprising the first 579 residues of the MR protein exhibited an autonomous activation of the reporter genes resulting in high background in yeast, due to its strong transactivation properties. Based on a previous analysis of overlapping internal deletion hMR mutants in mammalian cells (Govindan & Warriar 1998) we designed and tested progressive deletions of this region. Deletion of the first 170 amino acids also proved to have autonomous activity. Therefore, we subsequently deleted the region between residues 433 and 579; yeast cells expressing this bait (amino acids 170-433) did not grow on selection plates and were negative in the -gal assay. Screening of a human brain cDNA library (5 million transformants) with this bait resulted in isolation of several distinct clones, the sequencing analysis of which revealed four overlapping cDNAs encoding for PIAS1 (Valdez et al. 1997 , Liu et al. 1998 , two for PIAS3 (Chung et al. 1997) and PIASy (Liu et al. 1998 ) and a single clone for PIASx (Wu et al. 1997 , Liu et al. 1998 . cDNAs encompassing the complete open reading frame for all PIAS proteins, except that of PIAS3, were among the isolated clones. There were no nucleotide mismatches between the sequences of these cDNAs and those reported previously (GenBank Accession numbers: AF077951, AB021868, AF077952 and AF077954 for PIAS1, PIAS3, PIASy and PIASx respectively).
Interaction of PIAS proteins with MR in mammalian cells
To determine whether PIAS proteins are capable of associating with MR in mammalian cells, we fused the AF-1-containing region of the MR (170-433; same as that used in the yeast two-hybrid screen) to the DNA-binding domain of the GAL4 protein (pM-AF1), while the PIAS preys were fused to the activation domain of the VP16 protein of herpes simplex virus. In the case of PIAS3, the clones isolated from the yeast screening comprised only C-terminal portions of the protein. We therefore used a mouse full-length cDNA for PIAS3 (97% homologous to the human sequence) as well as the smallest of the two human clones isolated, which lacks the first 443 N-terminal amino acids of the protein (PIAS3 1-443 ). Subsequently, mammalian two-hybrid assays were carried out in a human neuroblastoma cell line (SK-N-MC). The pM-AF1 plasmid was co-transfected along with each of the PIAS-VP16 fusions and a GAL4-responsive reporter plasmid, and luciferase activity was measured (Fig. 1A) . PIAS-VP16 fusion protein co-transfected with empty pM vectors activated the Gal4 reporter gene more strongly than the pM-AF-1 bait co-transfected with empty pVP16 vector. Thus, we estimated the degree of interaction between the MR bait and each of the PIAS proteins by the ratio of luciferase activity obtained in cells co-expressing the PIAS-VP16 fusion proteins and the pM-AF-1 bait relative to the luciferase activity obtained in cells co-transfected with empty pM vectors and PIAS-VP16 fusion proteins (referred as 'relative luciferase activity' in Figs 1 and 3) . Unexpectedly, none of the PIAS proteins exhibited a significant interaction with the AF-1 domain of MR in this assay. Since immunoblot analysis showed that all PIAS-VP16 fusions were efficiently expressed, and at comparable levels, the lack of PIAS-MR interactions was evidently not due to inefficient expression of the transfected proteins (Fig. 1B) .
The AF-1 domain of MR carries a strong transactivation function, which can be constitutively active in the absence of the hormone-binding domain and has a higher activity than the intact receptor (Govindan & Warriar 1998) . To exclude the possibility that the lack of interaction between the MR bait and PIAS proteins resulted from an altered conformation or inappropriate posttranslational modification of the AF-1 region (i.e. in the absence of the C-terminal portion of the receptor), we performed another set of mammalian two-hybrid experiments in which full-length MR was employed as bait; interaction levels between the MR bait and the PIAS preys were calculated as described for Fig. 1A . As shown in Fig. 1C , this approach revealed a selective interaction of MR with PIAS3, but not with the other members of the PIAS family. The interaction was enhanced in the presence of the MR agonist ALDO: the transcriptional activity of the GAL4-responsive promoter increased from 5-to 30-fold. This hormoneenhanced association of MR with PIAS3 was strongly attenuated by concomitant exposure to the MR antagonist, SPIRO, indicating that the MR must be in a transcriptionally competent conformation to display optimal interaction with PIAS3. Interestingly, the truncated PIAS3 clone, PIAS3 1-443 , retained its capacity to interact with MR in a ligand-enhanced manner, implying that the integrity of the conserved SP-RING (Siz/PIAS RING) domain (Hochstrasser 2001 ) is dispensable for the interaction with MR.
To further verify the specificity of the interaction described above, HA-tagged MR and full-length FLAG-tagged PIAS3 were transiently expressed in SK-N-MC cells, and extracts were immunoprecipitated with anti-HA coupled beads. The immunoprecipitates were separated on SDS polyacrylamide gels and analyzed by Western blot using anti-HA and anti-FLAG antibodies. As shown in Fig. 2A, PIAS3 was co-immunoprecipitated with MR, specifically in lysates from cells expressing both PIAS3 and MR (lane 3), but not in extracts from cells transfected with PIAS3 alone (lane 5). In each case, incubation of the lysates with the corresponding antibodies confirmed the expression of the transfected proteins (lanes 1 and 4) . Finally, we were not able to detect any coimmunoprecipitation of MR with the other PIAS proteins in SK-N-MC cells, as exemplified for PIASx in Fig. 2B ; this result is consistent with our observations from the mammalian two-hybrid experiments. Taken together, the above results indicate that MR and PIAS3 can form a specific complex in SK-N-MC neural cells, presumably through the serine-and acidic amino acid-rich (Ser/Ac) domain, which is located in the C-terminal region of the molecule; the latter is known to be essential for the interaction of PIAS3 
Regulation of MR and GR activity by the PIAS protein family
Analysis of PIAS protein-GR interactions in mammalian cells
The AF-1 region of GR was fused to the DNA-binding domain of the GAL4 protein and used in mammalian two-hybrid assays as described in Fig. 1A ; the results of these experiments are depicted in Fig. 3 . As noted before, only PIAS3 showed a significant level of interaction with the N-terminal region of the GR (Fig. 3A) . Full-length PIAS3 tended to show a stronger interaction with the GR than did PIAS3 1-443 , suggesting that a region(s) additional to the Ser/Ac domain of PIAS3 is(are) needed for GR association. The PIAS3-GR interaction was not confirmed by coimmunoprecipitation experiments (Fig. 3B , lanes 1-3 are from lysates containing PIAS 3 and GR; cf. lysates containing only PIAS3 are shown in lanes 4-6), demonstrating only a weak interaction of PIAS3 with GR. In confirmation of our observations in the mammalian two-hybrid assay, PIASx did not co-immunoprecipitate with GR ( Fig. 3C , lanes 1-3 are from lysates containing PIASx and GR; cf. lysates containing only PIASx are shown in lanes 4-6).
PIAS1, PIAS3 and PIASx repress the transcriptional activity of MR in SK-N-MC cells
Transient transfection experiments to evaluate whether the isolated PIAS proteins can modulate the transcriptional activity of MR were carried out by co-transfecting SK-N-MC cells with MR and increasing amounts of each PIAS expression plasmid together with the MMTV reporter; cells were treated with 1 µM ALDO and luciferase activities were determined 24 h later. While none of the PIAS proteins affected MR-driven transcription in the absence of hormone (data not shown), under basal conditions (Fig. 4A) , all PIAS proteins, except for PIASy, suppressed the transcriptional activity of ALDO-stimulated MR in a dosedependent manner. Generally, the overexpression of PIAS proteins did not influence expression levels of MR protein (Fig. 4B) . However, expression of PIASx resulted in a minor effect on MR levels and this change was not matched by a commensurate enhancing effect of PIASx on MR transactivation. Moreover, none of the PIAS proteins were able to modulate the activity of the unrelated CMV promoter (Fig. 4C) , indicating that the observed inhibition of MR activity was not due to competition for basic transcription factors. The fact that PIAS1 and PIASx exerted effects on the transcriptional activity of MR comparable with those observed with PIAS3 is intriguing given that PIAS1 and PIASx , in contrast to PIAS3, did not show any appreciable interaction with MR in this system (cf. Figs 1 and 2) ; these findings are in line with other observations indicating that PIAS proteins can influence the activity of a large number of molecules involved in transcription through diverse mechanisms. Collectively, while the above experiments do not rule out transient and highly dynamic, direct interactions between PIAS1 and PIASx proteins with MR, they clearly show that the transcriptional activity of MR can be compromised by the presence of increased levels of PIAS1, PIAS3 or PIASx .
Disparate effects of PIAS proteins on the transcriptional activity of GR
GR closely resembles MR in terms of sequence and DNA-binding characteristics and, in many brain regions, these two receptors are often expressed by the same cell. Importantly, however, the activation of GR in several cases results in effects opposite to those elicited by the stimulation of MR. Since PIAS proteins can up-or down-regulate the activities of various transcription factors, including nuclear receptors (Janne et al. 2000 , Gross et al. 2001 , Megidish et al. 2001 , Sachdev et al. 2001 , Schmidt & Muller 2002 , we considered it of interest to examine the effects of these proteins on the transcriptional activity of GR in the same cellular milieu in which their influence on MR activity was analyzed. To this end, SK-N-MC cells were co-transfected with a GR expression vector together with the MMTV-luciferase reporter in the presence of increasing amounts of the individual PIAS expression plasmids and exposed to the GR agonist DEX (1 µM); luciferase activities were determined 24 h later. As reported here for the MR, the PIAS proteins did not affect basal activity of the GR. The results, depicted in Fig. 5A , show the effects of PIAS proteins on GR activity to be quite distinct from their effects on MR-triggered transcription in several respects (cf. Fig. 4A ). PIAS1 was found to significantly inhibit the transcriptional activity of GR (Pc0·05), resembling its effects on MR activity (cf. Fig. 4A ). In contrast, PIAS3 did not influence GR activity, whereas both PIASx and PIASy significantly enhanced GR-mediated transcription (Pc0·05). Although PIAS3 interacted with GR weakly in the mammalian two-hybrid assays, such an interaction was not confirmed by co-immunoprecipitation experiments. This observation suggests a role for PIAS3 that is not confined to the modulation of steroid receptor-mediated transcription. Control experiments showed that the overexpression of PIAS proteins did not alter the levels of the transfected GR protein (Fig. 5B) or CMV promoter activity (Fig. 5C ). Collectively, the data shown in Figs 4 and 5 demonstrate that, within the same cell type, PIAS proteins can alter the transactivation properties of MR and GR in distinct manners.
Discussion
In seeking a better understanding of the opposing actions mediated by MR and GR, four members of the PIAS family of proteins were isolated in a yeast two-hybrid screen using a portion of the AF-1 region of the MR as a bait. PIAS proteins were first discovered as inhibitors of activated STATs (Chung et al. 1997 , Liu et al. 1998 , but have since been found to also serve as binding partners and modulators of numerous transcriptional regulators (Junicho et al. 2000 , Kotaja et al. 2000 , Rodel et al. 2000 , Gross et al. 2001 , Zentner et al. 2001 , Jimenez-Lara et al. 2002 , Levy et al. 2002 . Mammalian two-hybrid assays and coimmunoprecipitation experiments in human neuroblastoma SK-N-MC cells with co-expressed tagged proteins revealed that only PIAS3 interacted strongly with the MR; PIAS3 interacted only weakly with the GR in our system. The association of PIAS3 with MR required the full-length protein, suggesting communication between different MR domains which, in turn, can determine the efficiency with which MR can physically associate with other proteins. This notion was further supported by the fact that the PIAS3-MR interaction was enhanced in the presence of the MR agonist ALDO but was not influenced by SPIRO, an MR antagonist which does not interfere with the entry of MR into the nucleus (M Tirard, unpublished observations). This 1-10 ng) . An empty pCMV-HA vector was used to keep levels of total transfected DNA constant. After 12 h, cells were treated with ALDO (10 −6 M) for 12 h after which luciferase assays were performed. Luciferase activity was normalized with respect to -gal activity and protein concentration. Results (mean±S.E.M. of 3-5 experiments) are expressed as induction-fold relative to the luciferase activity displayed in the absence of hormone. Induction-fold observed when cells were transfected with empty pCMV-HA (in the absence of PIAS) was set as 100. Asterisks indicate P≤0·05. (B) SK-N-MC cells grown in six-well plates were transfected with five times more DNA than in the study depicted in (A); other treatments and measurements were as described above. Proteins were immunoblotted with anti-EGFP to detect MR; -tubulin served as an internal control. (C) Cells were transfected with 125 ng pCMV-luciferase and pRShMR expression vector together with increasing amounts of PIAS expression vectors (1-10 ng) and 50 ng pCMV-gal as internal control. An empty pCMV-HA vector was used to keep levels of total transfected DNA constant. Cells were treated and luciferase measurements made as indicated before.
observation indicates that ALDO induces specific conformational changes in the receptor, allowing for a stronger interaction between the two proteins. Indeed, an interaction between the N-and the C-terminal regions of steroid hormone receptors has been previously described (Zhou et al. 1995 , Tetel et al. 1999 , Metivier et al. 2001 , Thompson et al. 2001 , He et al. 2002 . Recently, an ALDOdependent interaction between the N-terminal domain of the MR with the hinge region and the ligand-binding domain was demonstrated (Rogerson & Fuller 2003) ; this interaction was blocked by SPIRO, reminiscent of our observations. These authors further showed that this intramolecular interaction is not dependent on co-activators (e.g. SRC-1 and TIF-2) that bind to AF-2. The functional significance of cross-talk between the N-and C-terminal regions of MR is not clear at present; however, our findings suggest that this interaction may provide novel surfaces which may be involved in the selective recruitment of modulatory molecules like PIAS3, or other transcriptional regulators such as the CREB-binding protein (CBP)/ RNA helicase A-containing co-activator complex which also binds to the AF-1 region of the MR, in a ligand-dependent manner (Kitagawa et al. 2002) .
The interaction of PIAS3 with MR in SK-N-MC cells was retained when a clone lacking the first 443 amino acids was tested, indicating that MR interacts with sequences residing within the 176 C-terminal amino acid residues of PIAS3. This portion of the protein, which contains a characteristic Ser/Ac domain present in all members of the PIAS family (Liu et al. 1998) , is responsible for the association of PIAS3 with other transcriptional regulators, such as interferon regulatory factor-1 (Nakagawa & Yokosawa 2002) and TIF-2 (JimenezLara et al. 2002) . In addition, the corresponding region of PIAS1 protein has been previously shown to mediate the interaction with STAT-1 and to be necessary for the inhibition of STAT-1 activity (Liao et al. 2000) . Likewise, the C-terminal region of PIASx /ARIP3 was found to be sufficient for interaction with the androgen receptor (AR) in yeast whereas its deletion abolishes the ability of the protein to modulate AR-dependent transcription on minimal or complex promoters (Kotaja et al. 2002a) . Our experiments do not rule out the possibility that other PIAS3 regions also interact with the MR; however, together with the above observations, they suggest that the conserved Ser/Ac domain might serve as a universal, non-selective anchoring surface for a variety of transcriptional regulators. Interactions may be stabilized and/or modulated through the involvement of other regions of the modular PIAS proteins, e.g. the LXXLL motifs (Liu et al. 2001 , Kotaja et al. 2002b , the SAP module (Aravind & Koonin 2000) or the SP-RING domain (Kahyo et al. 2001) . While the last 176 amino acids of the C-terminus of PIAS3 are sufficient for its interaction with MR, our results show that the PIAS3-GR interaction may require other PIAS3 domains since full-length PIAS3 interacts more strongly than truncated PIAS3 (PIAS3 1-443 ) in mammalian two-hybrid experiments. Interestingly, significant sequence divergence among the PIAS proteins is observed downstream of the Ser/Ac domain; the C-terminal regions are the least conserved in the family (Liu et al. 1998) . Whether these regions contribute to the specificity or efficacy of the PIAS interactions with other cellular proteins remains to be determined.
In transient transfection experiments in SK-N-MC cells, PIAS3 was found to inhibit MR activity. Despite the fact that only PIAS3 displayed pCMV-HA vector was used to keep levels of total transfected DNA constant. After 12 h expression, cells were treated for 12 h with 10 −6 M DEX, luciferase activity measured and normalized to -gal activity and protein concentrations. Results (means±S.E.M. from 3-5 experiments) are expressed as induction-fold relative to the luciferase activity displayed in the absence of hormone. Induction fold observed when cells were transfected with empty pCMV-HA was set as 100. Asterisks indicate P≤0·05. (B) SK-N-MC cells grown in six-well plates were transfected with five times more DNA than in the study depicted in (A). Treatments and luciferase measurements were performed as described above. Proteins were immunoblotted with anti-GR; -tubulin served as an internal control. (C) Cells were transfected with 125 ng pCMV-luciferase and pRShGR expression vector with increasing amounts of PIAS expression vectors (1-10 ng), together with 50 ng pCMV-gal as internal control. An empty pCMV-HA vector was used to keep levels of total transfected DNA constant. All treatments and measurements were done as described before. a detectable interaction with MR, PIAS1 and PIASx also repressed MR activity, with the inhibition induced by PIASx being stronger than that seen with PIAS3. Interestingly, parallel co-transfection experiments using GR, in the same neural cell environment, showed that PIAS1 can also repress the transcriptional activity of GR in response to DEX. In contrast to MR, both PIASx and PIASy potentiated GR transactivation whereas PIAS3, which inhibited MR transactivation, had no effect on the GR response. Our findings strongly suggest that PIAS proteins mediate the differential regulation of the two corticosteroid receptors within the same neural milieu; their hereindescribed disparate effects on the transcriptional properties of MR and GR are consistent with earlier observations demonstrating that PIAS proteins can modulate steroid receptor-dependent transcriptional activation in different manners (Kotaja et al. 2000 , Tan et al. 2002 . It is pertinent to mention that the effects of these proteins are known to be influenced by various parameters, such as cell type and target enhancers/promoters as well as by the relative concentrations of the individual PIAS proteins in the cell. For example, the co-regulatory effects of PIAS1 on the AR were found to be modulated by co-expression of PIASx or PIASy whereas PIAS1 could associate directly with other members of the PIAS family (Tan et al. 2002) . Such interplay among the PIAS proteins, but possibly also between PIAS and other cellular proteins, may explain their manifold effects on the transcriptional activity of corticosteroid receptors.
How do PIAS1 and PIASx modulate MR transactivation without physically interacting with the receptor, and why does PIAS3 not influence the transactivation properties of the GR with which it associates? Besides their modulatory effects on the action of various transcription factors, PIAS proteins can also act as E3 SUMO (small ubiquitin-like modifier) ligases. 'Sumoylation' is involved in mediating protein-protein interactions in a variety of cellular processes, including protein stability, subcellular compartmentalization, chromatin structure and transcriptional regulation (for reviews see Muller et al. 2001 , Pichler & Melchior 2002 , Verger et al. 2003 . Several transcription factors, e.g. GR (Le Drean et al. 2002 , Tian et al. 2002 , AR (Tan et al. 2000 , Nishida & Yasuda 2002 , progesterone receptor (PR) (Chauchereau et al. 2003) , p53 and c-Jun (Rodriguez et al. 1999 , Muller et al. 2000 and I B (Desterro et al. 1998) , are covalently modified by SUMO. PIAS proteins also associate with Ubc9 (ubiquitin-conjugating enzyme 9), a SUMO E2-activating enzyme (Kotaja et al. 2002a) ; further, self-sumoylation of PIAS proteins has been demonstrated (Nakagawa & Yokosawa 2002 , Kotaja et al. 2002a , Schmidt & Muller 2002 . Interestingly, Ubc9 and SUMO-1 were also isolated in our yeast two-hybrid screening as MR-interacting partners, strengthening the view that PIAS proteins may promote MR sumoylation. Recent studies have shown that the GR is subject to sumoylation (Le Drean et al. 2002 , Tian et al. 2002 , and our preliminary results strongly indicate that that MR can also be sumoylated in SK-N-MC cells (M Tirard, unpublished observations). During revision of this manuscript, an elegant study from Lombès' group (Tallec et al. 2003) reported that the MR can be sumoylated in vitro and in HeLa cells, thus confirming our ongoing work.
The synergy control (SC) motif was first identified in the N-terminal region of GR (Iniguez-Lluhi & Pearce 2000) as a negative regulatory element. This sequence blocks synergistic activity resulting from cooperative DNA-binding of a transcription factor to multiple DNA response elements. The SC motif is identical to the binding motif of SUMO-1 ( KxE, where is hydrophobic, and x any amino acid) and is also present in the N-terminal part of MR, a region that can prevent MR from self-synergizing at multiple response elements and interferes with the synergistic properties of GR on composite promoters (Pearce & Yamamoto 1993 , Rupprecht et al. 1993 , Liu et al. 1995 , Derfoul et al. 2000 . As noted above, a recent study showed that mutation of the SUMO/SC motif enhances MR transactivation on a composite promoter (Tallec et al. 2003) . Suggesting that this mechanism may apply to other NR also, is the recent observation that SUMO has a repressive effect on PR activity (Abdel-Hafiz et al. 2002) ; in the latter study, SUMO was found to require the liganded C-terminal hormone-binding domain of PR, implying communication between the N-and C-termini (cf. the present findings for the ligand-enhanced interaction of PIAS3 with the MR). PIAS proteins can themselves be sumoylated and promote attachment of SUMO to MR and/or GR; they are also known to facilitate sumoylation of the co-regulators SRC-1 (Chauchereau et al. 2003) and TIF-2 (Jimenez-Lara et al. 2002 , Kotaja et al. 2002a and of histone deacetylases (David et al. 2002 , Arora et al. 2003 , Girdwood et al. 2003 , Long et al. 2003 . Therefore, PIAS proteins could determine the specific, step-wise assembly of proteins on target promoters, conferring specificity to transcription signals (cf. Kahyo et al. 2001 , Schmidt & Muller 2002 .
The Introduction referred to the contrasting brain actions mediated by MR and GR and pointed out the similarities between the two receptors at the molecular level. The present work highlights the importance of several members of the PIAS family in the differential modulation of MR-and GR-mediated transcription, providing new insights into the mechanisms by which these two receptors may exert their distinct effects in the brain.
